this was associated with significant (p < .05) decreases in the peak systolic torsion rate ( + dO/dtmax), whereas the peak diastolic recoil rate (-dO/dtmax) was unchanged. This suggests that the stiffness of elastic components of the myocardium may have increased, maintaining the rate of diastolic recoil when these elements are stretched less. With successful treatment of rejection episodes, the torsional deformation characteristics normalized. Heart rate, mean arterial pressure, left ventricular end-diastolic volume, stroke volume, ejection fraction, and peak left ventricular filling rate were unchanged with rejection episodes, whereas left ventricular end-systolic volume increased (p < .05) during acute rejection and retumed to normal with resolution of the rejection process. These data suggest that left ventricular torsional deformation amplitude and rate are sensitive to episodes of subclinical left ventricular dysfunction and that such intramyocardial marker techniques may provide new insights regarding the elastic properties of the ventricular myocardium and their impact on left ventricular mechanics.
been a subject of speculation for anatomists and physiologists alike. One might expect that contraction of the obliquely oriented fibers would cause a twisting about the ventricular long axis, or torsional deformation. This was originally suggested by Giovanni Alphonso Borelli, a student of Galileo, who proposed that contraction of these fibers contributed to left ventricular ejection in a manner analogous to wringing out a wet towel. 4 Torsional deformation of the human left ventricle has been demonstrated recently in our laboratory by means of myocardial marker techniques.5 The apical regions twist clockwise (as viewed from base to apex) about the left ventricular long axis with respect to fixed sites near the base. This is followed by rapid unwinding of the left ventricular chamber during early diastole. Our earlier study suggested that the amplitude of this torsional deformation is sensitive to the contractile state of the ventricular myocardium. 5 The objective of the present study was therefore to determine the effect of diffuse reversible myocardial injury on left ventricular torsional deformation, using myocardial marker techniques and acute human cardiac allograft rejection as a model of such injury.
Methods
The study group comprised 12 patients undergoing orthotopic human cardiac allograft transplantation at Stanford University Medical Center between December 20, 1984, and November 15, 1985 . Informed consent for implantation of intramyocardial markers at the time of cardiac transplantation and for the studies described were obtained from all patients, in accordance with the requirements of the Stanford University Medical Committee on the Use of Human Subjects in Research. All patients who received intramyocardial markers at our institution during this 11 month period were enrolled in the study. No complications resulted from these investigations.
Intraoperative management. The method for surgical implantation of intramyocardial markers has been described previously. 5 6 In brief, 12 helices (0.8 x 2.2 mm) of pure tantalum wire were implanted at an approximate depth of 5 mm below the epicardial surface of the donor hearts with a specially designed inserter tool. Septal markers were implanted into the interventricular septum through the right atrium before performing the right atrial anastomosis. Figure 1 illustrates the positions of these markers. Markers were implanted at approximately 90 degree intervals around the circumference at basal, midventricular, and apical levels, maintaining roughly even spacing from base to apex. This was accomplished by epicardial landmarks. An array of three inferior wall markers were implanted in the basal, middle, and apical third of the inferior left ventricular wall along the posterior descending artery. The three markers comprising the anterior wall array were inserted into the basal, middle, and apical third of the anterior wall paralleling the left anterior descending artery on the left ventricular side. The three lateral wall markers were positioned at equidistant points in the basal, middle, and apical third of the lateral wall along the lateral margin. Only two septal markers were placed -one near the base, the other at the midventricular level; the apical portion of the interventricular septum was not accessible from the right atrial approach. A single marker was implanted at the apical dimple to mark the left ventricular apex. Two stainless-steel clips (1 x 5 mm) were attached to the adventitia of the aorta just above the valve commissures to mark the approximate position of the aortic valve. In this manner, the left ventricular cavity was silhouetted in the 30 degree right (RAO) and 60 degree left anterior oblique (LAO) projections by these markers.
Postoperative management. The patients received standard postoperative transplant care. All received immunosuppressive therapy with cyclosporine, azathioprine, and prednisone. The dose of cyclosporine was adjusted to maintain trough serum cyclosporine levels between 100 and 200 ng/ml as measured by radioimmunoassay. Right ventricular endomyocardial biopsies were performed for surveillance of rejection. In general, biopsies were performed on a weekly basis for the first month, starting on the sixth or seventh postoperative day. Thereafter, biopsies were performed on alternate weeks for the next 4 to 6 weeks, followed by monthly biopsies for the next 2 to 3 months. A minimum of four tissue samples per study were obtained to provide histologic confirmation of the presence or absence of myocardial injury. The biopsies were graded according to previously published criteria.7 "No evidence of rejection" reflected absence of cellular infiltration or myocyte necrosis; "mild rejection" implied cellular infiltration without myocyte necrosis; "moderate rejection" was defined as cellular infiltration with myocyte necrosis; and "severe rejection" required the presence of myocardial hemorrhage. During this period, 'episodes of moderate or severe rejection were treated with 1000 mg iv methylprednisolone for 3 days, and biopsies were performed weekly until complete resolution of the rejection episode was achieved. In cases of severe or persistent rejection, rabbit or equine antithymocyte globulin was added.
For the purposes of the present study, three experimental stages were defined based on histopathologic findings. First, at least one biopsy (range one to three) was obtained that revealed no evidence of rejection before the first rejection episode (prerejection); second, an acute rejection episode with myocyte necrosis (rejection) followed during the second to fourth postoperative week; third, after complete resolution of the rejection episode, one to three additional studies were obtained (postrejection). In two patients, studies were performed before, during, and after a second episode of rejection; thus a total of 14 rejection episodes were studied.
Data acquisition. Immediately after each cardiac biopsy, biplane (30 degree RAO and 60 degree LAO projections) cinefluoroscopic images (60 frames/sec) of a 5 beat sequence were recorded at end-inspiration with a General-Electric MLX biplane L-U arm system with intensifiers in the 9 inch mode isocentered on the left ventricle. The 30 degree RAO and 60 degree LAO projections were selected so as to maximize the spatial area encompassed by the anterior and inferior wall markers for the RAO projection and the septal and obtuse marginal markers for the LAO projection. An where TP = true positive, FN -false negative. TN = true negative, and FP = false positive. These ratios were expressed along with the corresponding 95% confidence limits. 12
Results
Prerejection and rejection studies selected from a representative patient (patient 1 of table 2) are illus-CIRCULATION trated in figures 3 to 5. In this example, acute rejection with myocyte necrosis resulted in substantial injury to the ventricular myocardium (figure 3). This is apparent when the prerejection biopsy specimen (panel A) obtained on postoperative day 6, which shows normalappearing myocardium, is compared histologically with the specimen obtained on postoperative day 26 (panel B). The latter shows extensive cellular infiltration and myocyte necrosis consistent with moderate rejection. Two intervening biopsies on postoperative days 10 and 16 (not shown) showed no evidence of rejection.
The corresponding left ventricular volume curves, derived from cineradiographic recordings obtained immediately after the biopsies described above, are shown in figure 4, top. During this rejection episode, end-systolic volume increased by 14 ml from its prerejection value of 123 ml, whereas end-diastolic volume decreased from 192 to 181 ml. As a result, left ventricular stroke volume decreased by 25 ml and left ventricular ejection fraction declined from 35.9% to 24.3%. In this example the peak rate of left ventricular ejection ( -dV/dtmax) and filling (+ dV/dtmax) also decreased markedly with rejection ( figure 4, bottom) .
The rate and extent of torsional deformation about the left ventricular long axis were quantified by the cineradiographic recordings described above and revealed that such injury also had pronounced effects on left ventricular torsion ( figure 5 ). The contour of the time-varying torsional deformation curves obtained during prerejection (top left) and rejection (top right) are generally similar. Torsional deformation of the left ventricular chamber [0(t)] increases rapidly during the ejection phase. At end-ejection (i.e., time of minimum volume in figure 4), 0(t) is near the maximum. Rapid uncoiling of the ventricle then follows so that the peak diastolic recoil rate (-d/dtmax) precedes dV/dtmax (see figure 4) The effect of acute rejection with myocyte necrosis on the torsional angles of each marker site is summarized in table 3. There is considerable regional variability in torsional deformation. The greatest deformation (°max) occurred in the inferoapical marker site in six patients, the apical marker of the lateral wall in five patients, and the anteroapical marker in one patient. As expected, the amplitude of torsional deformation was nearly twice as large in the apical sites, compared with counterparts at the midventricular level. Acute rejection with myocyte necrosis was associated with significant changes in the torsional deformation amplitude measured in the apical portions of the inferior and lateral wall, whereas the changes in torsional deformation amplitude of the anteroapical and all midventricular sites were not significant. The greatest changes in torsional deformation amplitude were consistently measured in the maximally deforming marker site (i.e., Omax), which had been selected on the basis of the initial prerejection results and used consistently thereafter. Figure 6 relates the changes in Omax in a representative patient (patient 2 of table 2) to myocardial his- Results expressed as mean ± St n = number of episodes; HR = heart rate; MAP = mean arterial pressure; EDV = end-diastolic volume; ESV = end-systolic volume; SV = stroke volume; EF = ejection fraction; + dV/dtmax = peak left ventricular filling rate. postoperative recovery. Thus the rejection episodes detected by this method were superimposed on this trend of improving left ventricular function (see figure  6 ), and it is likely that the "prerejection" values reported in this study may actually underestimate the value Of Omax immediately before the onset ofrejection.
Nevertheless, reduction in Omax was an accurate indicator of acute rejection with myocyte necrosis, even when determinations were obtained only once a week (at the time of biopsy) during the early postoperative period. If we had reserved cardiac biopsy until a 4% decrease in Omax occurred, 65% of the negative biopsies would have been avoided in this group of patients, with only a 1 in 14 risk of delaying the diagnosis of treatable rejection episodes.
Acute cardiac allograft rejection with myocyte necrosis reduces the number of contractile units comprising the ventricular myocardium and may lead to deterioration of contractile performance of remaining units. Such a process would be expected to cause a significant deterioration in left ventricular pump function. Left ventricular stroke volume and ejection fraction, however, were relatively insensitive to acute rejection because left ventricular end-diastolic volume generally increased during rejection episodes and this would tend to maintain stroke volume by the FrankStarling mechanism,'3 as left ventricular contractile state deteriorated. The left ventricular end-systolic volume increased during acute rejection at a similar level of arterial pressure, however, implying that the endsystolic pressure-volume relation was shifted in a direction indicating depressed left ventricular contractility.'4 This supports the concept that acute rejection with myocyte necrosis depressed left ventricular systolic performance independent of load. Our data indicate that torsional deformation (Omax) is more sensitive to such changes in cardiac muscle performance than conventional ejection phase measures of definition of torsion. Since we used a minor axis located near the base as the reference axis, the torsional angle of apical regions invariably exceeded that of counterparts at the midventricular level. This results in substantial improvement in signal-to-noise for the apical markers. We believe that this explains why the apical sites were better able to detect rejection episodes. The relative insensitivity of the peak recoil rate to this type of myocardial injury is an intriguing and unexpected result. We predicted a priori that, like a stretched spring in which the restoring forces are proportional to the stiffness of the spring (or spring constant, k) and the displacement, the peak recoil rate would be highly dependent on the amount of left ventricular torsion. We assume that shortening of contractile elements within the obliquely oriented fibers deforms the chamber in the manner described and stretches elastic elements within the myocardium during systole. As a result, mechanical energy would be stored in these elastic elements during systole. Inactivation of the myofilaments during the isovolumetric relaxation phase releases this energy, allowing rapid unwinding of the deformed ventricle. Although it is reasonable to assume that the rate of diastolic recoil should be dependent on the extent to which the elastic elements are stretched, our results suggest that other factors may also be important. It is possible that the rejection process, which produces considerable myocardial edema and, ultimately, fibrosis, may increase the stiffness of the elastic elements, thereby maintaining the restoring forces when these elements are stretched less. Alternatively, the rejection process may decrease the viscous drag that opposes the restoring forces acting on these elements. Additional studies are required to identify precisely the actual determinants of the diastolic recoil rate, to understand the role (if any) of such events on left ventricular filling, and to verify the intriguing possibility that torsional recoil may ). This histologic picture was observed in the first cardiac allografts of patients 5 and 7. We believe, therefore, that the results of our right ventricular endomyocardial biopsies accurately reflect the status of the left ventricle. This is further supported by the high degree of concordance between our histologic and torsional data. To minimize the possibility of false-negative results, a minimum of four biopsy specimens per study were evaluated by an expert cardiac pathologist without knowledge of the myocardial marker data.
